Introduction: Ostrich characteristics include fast running, of which the probable enablers have been studied. Yet little research has taken place on one anatomical feature. It is mainly the special integuments on the ostrich foot which facilitate fast running on sand, because as point of direct sand contact they bear the whole weight and provide all the forward force. This study elucidates aspects of the integuments. Material and Methods: A stereo microscope, scanning electron microscope (SEM), and confocal scanning laser microscope were used to observe these integuments. Their surface structure was shown accurately in photographs. An SEM equipped with energy dispersive spectroscopy was used to check element contents of the upper and bottom areas and those on the lateral area of the 3 rd toe. Results: The content of some chemical elements on the upper area (Mg 2.04%, Si 0.18%, P 1.97%, Ca 0.59%, and S 0.69%) was higher than that of the bottom area (Mg 0.14%, Si 0.09%, P 0.10%, Ca 0.28%, and S 0.90%). Zinc was the particular element on the upper area, while sodium, chlorine, and potassium were the specific elements on the bottom area. The parts which must withstand different frictions contained different chemical compounds. Conclusion: The microscopic plane with layer-like structure and stripes may contribute to the wear-resistance of the papillae. The polygonal and prism structures are helpful to fix papillae in a firmer way.
Introduction
Ostriches (Struthio camelus) have drawn much attention in recent years due to their various outstanding characteristics (22) . They are native to Africa where there are spacious areas, treeless savannah, and endless desert. (17) . As a source of protein and high-quality leather, ostriches are raised in many parts of the world, which brings considerable economic advantage. (2, 14) . The ostrich cannot fly because of its degeneration of wingspan and absence of sternal keel to which the flight muscles could be attached (5, 10, 13) . After evolving for thousands of years, ostriches have become specialised in running. These nearly 150 kg birds can run steadily for 30 min at a speed of over 60 km/h, with each step longer than 5 m (1, 12) . In recent years, some researchers have focused on the muscles of the pelvic limb (18) , meat (4) , long bones (3), supra-jointed toe posture (7) , articular cartilage (20) , serum glycosaminoglycan and proteoglycan (11) , economical bipedal running (16) , and toepad from the anatomical perspective (8) .
There are other scientists who have found strong relationships between plantar skin morphology and flightlessness in birds (21) . However, few of them have ever studied the integuments of the foot, which provide large friction and withstand enough force to permit the ostrich to run at high speed. The large friction means that the integuments of the foot are resistant to the wear attendant on large forces. Thus this paper presents a detailed survey of the ostrich from this aspect.
Material and Methods
Imaging techniques were applied to observe the macroscopic and microscopic structure of the integuments on the foot of a two-year-old ostrich. A stereo microscope (SM), scanning electron microscope (SEM), and confocal scanning laser microscope (CSLM) were used for the examination according to a scrupulously prepared protocol. Images were compared in order to analyse the integuments' morphology and the energy spectrum diagram which can be easily obtained from an SEM. In this way, the different element contents specifically in the lateral region of the ostrich foot were seen.
Test specimens. The feet were taken from three two-year-old adult homebred ostriches which were bought from the slaughter house located in Harbin, Heilongjiang Province, P. R. China. The feet had not undergone any surgery and their physical morphology, especially the integuments, was in perfect condition.
Design and methods. The integuments were taken from five representative positions which form the main surface of the ostrich foot, namely, the papillae on the plantar surface of the 3 rd toe, the papillae on the plantar surface of the 4 th toe, the lateral region of the 3 rd toe, the transitional region between the 3 rd toe and the claw, and the scale on the back of the 3 rd toe (Fig. 1 ). Five small samples (1 cm × 1 cm × 1 cm) taken from each representative position were used as the test specimens. Stereo microscope. A SteREO Discovery V 12 microscope (Carl Zeiss, Germany) was used. The image analysis system resolution was 10.4 megapixels, and the operating system was Vision Rel. 4.6 (Carl Zeiss, Germany). The test specimens were washed in 30°C water for 4 mins and dried with blotting paper. These samples were then observed under SM.
In order to see the original part of papillae on the plantar surface of the 3 rd toe, the skin of the papillae was cut into small pieces (1 cm × 1 cm × 1 cm) after being removed from the papillae. The specimens were dried with blotting paper and put on the SM stage for examination.
Scanning electron microscope. A 1000-B SEM (Carl Zeiss, Germany) was used at 6 nm resolution. The test specimens were fixed on a sample holder (carousel 9×9 mm) and were then dried in a lyophiliser. Finally, the samples were coated with gold-palladium in a sputtering device, and put on the SEM stage as the scope operated at 5.0 Kv, observed, and photographed.
Confocal scanning laser microscope. A LEXT OLS3000 CSLM (Olympus Optical, Japan) was used. The test specimens were washed in normal saline, then the pieces were immersed in a fixative (4% phosphofructaldolase) at 4°C for 8 h. Once fixed, the samples were washed three times in 0.01 M PBS for 20 min. After 1 h immersion in 20% saccharose at 4°C, the samples were put on the stage of CSLM, observed, and photographed.
Results
The scales on the 3 rd toe. The distribution of scales starts from the ankle joint position and extends to the tip of the toe. There are also some scales on the back of the 4 th toe. Scales overlap just like roofing tiles (Fig. 2) . The scales are brown or grey in colour, but some scales are reddish-brown. The size of the scales varies from the tibiotarsus position to the back of the 3 rd toe. The widest part of the scale in the axial direction is 1.5 cm while in the radial direction the largest dimension is 3 cm. Under SM, the scales show a light-reflecting surface and their rib morphology, with the ribs almost 200 μm in width. Some white covers adhere to the surface of the scales. In every rim, there are inclined small streaks which are parallel to each other and form a 45 degree angle with the rib.
The papillae on the plantar surface of the 3 rd toe. The plantar surface of the 3 rd toe is covered with papillae. On the plantar edge of this toe, papillae spread out to the edge, but in the central part of the toe, the papillae are in the vertical direction. Distribution density of these papillae is 50-65 papillae/cm 2 and their height is 5-12 mm. These columnar collective papillae are old and yellow, but they are surrounded by some which are newly developed (Fig. 3A) . The tips of the new ones are white and they present conical structure, while the old ones are rubbed down and present disperse tips. Upon scrutiny of these rubbed papillae, it is observed that there are 3-6 circles of layer-like structure (Fig. 3B) . In the central part of the 3 rd toe, the shape of a single papilla resembles a cone-shaped cylinder, and the original part is a little smaller than the terminal part.
Papillae are hollow, as shown in the cross section (Fig. 4) . The cross section is golden, while the internal surface is dirty red and the outside surface is white. There are three circles resembling the annual rings.
After pulling out the papillae, the initiation site of the papillae is revealed as polygonal, with each side having one convex. The distance between two polygons is approximately 500 μm. The longest diameter of polygons is 1359.49 μm; the shortest diameter is 838.64 μm (Fig. 5) .
Under SEM, the configuration of a single papilla is very rough (Fig. 6A) . Contrastingly, with a larger amplification, the surface presents a flat and layer-like structure, with some stripes on the surface (Fig. 6B) . On the surface of the middle part of the papilla, there are also flat and layer-like structures, but this surface is rougher (Fig. 7A) . The root of the papilla has many wrinkles, while the stripe narrows (Fig. 7/B) . From the tip to the root of the papilla, the stripe trends narrower and the surface rougher under SEM.
The papillae on the plantar surface of the 4 th toe. Papillae on the plantar surface of the 4 th toe also spread over the plantar surface and out to the edge. They are in the vertical direction in the centre of this toe. Their distribution density and height are 43-60 papillae/cm 2 and 0.2-0.4 cm respectively. Papillae are usually yellow and their tips are cone-shaped (Fig. 8A) . In contrast to the papillae on the 3 rd toe, the papillae on the 4 th toe are thinner, brighter, and their gaps are wider. These papillae are frayed slightly and their tips remain unbroken (Fig. 8B) .
Under SEM, the tip of the papilla is very pointed with some fibroid structure adhering (Fig. 9A) . With a larger amplification, the tip presents a disordered and rough surface (Fig. 9B) . On the surface of the middle part of papilla, there are raised stripes (Fig. 10A) and on the root of the papillae, there are granules on the surface (Fig. 10B) . All three surfaces of the three places are rough under the microscope. The lateral region of the 3 rd toe. The lateral region of the 3 rd toe is a wide area with short circular convexes. In order to study in a more convenient manner, we divided it into three parts, which are the upper, middle, and bottom areas. Circular convex closures on the different parts displayed surfaces entirely different in shape, colour, and size. Integuments on the upper area are bright red and are comparatively flat circular convex closures just like the newly developed ones (Fig. 11A) . However, the convex closures in the middle area show deeper red colouration and are a little taller than those in the upper area (Fig. 11B) . Totally different from the above two areas, the bottom area is black and the top of the circular convexes reflect light (Fig. 11C) . From the upper area to the bottom area, the integuments become taller, thinner, and more pointed. Observable in the corresponding SEM image is the upper area's uneven skin and irregular circular convexes (Fig. 11A_) , whereas the bottom area emerges as a layer-like structure and shows a flat plane to some degree (Fig. 11C_) . The structures in the middle area are the transitional region between the above two areas (Fig. 11B_ ). There are some layer structures and some wrinkles. CSLM images gauge the maximum height of the upper area to be 1100 μm, the middle -1800 μm, and the bottom -2000 μm (Fig. 12) . The higher the circular convexes are, the rougher the surface is. Therefore, the surface roughness of the bottom area is greater than that of the upper area. The transitional region between the 3 rd toe and the claw is a stretch of the lateral region of the 3 rd toe. As this area is narrow, we divided it into two parts: the upper and bottom areas. In the upper area, the integuments are light red. There is a covering layer of white material on the surface (Fig. 13A) . In the bottom area, these covers become thin and discoloured. Integuments on the bottom are brown with light yellow covers on the surface (Fig. 13B) . The corresponding SEM images of the upper area depict a flat plane with some small particles on it (Fig. 13A_) . So this surface is somewhat rough. But the bottom area is very flat, relieved only by some stripes (Fig. 13B_) . CSLM images allow the maximum height of the integuments on the upper area to be fixed at 1400 μm and the maximum height of the integuments on the bottom area at 1800 μm (Fig. 14) . There is a rising tendency of surface roughness from the upper area to the bottom area and the size of the short circular convexes reduces and the density of the closures enlarges simultaneously.
Chemical element concentrations on the lateral region of the 3 rd toe. With the help of energy dispersive spectroscopy (EDS), the chemical element content (Tables 1 and 2 ) of the integuments was collected from the tip of the lateral region of the 3 rd toe. Carbon and oxygen were undoubtedly the main two elements (upper area: C -57.93% and O -36.52%; bottom area: C -75.75% and O -21.75%). The content of some elements in the upper area (Mg -2.04%, Si -0.18%, P -1.97%, Ca -0.59%, and S -0.69%) was higher than that of the bottom area (Mg -0.14%, Si -0.09%, P -0.10%, Ca -0.28%, and S -0.90%). Zinc was the specific element in the upper area. However, sodium, chlorine, and potassium were the specific elements in the bottom area. 
Discussion
The back of the 3 rd toe being buried by sand simultaneously as the claw penetrates, wear-resistant scales can protect the toe from abrasion it would otherwise not avoid. What is more, the scales at the front side of the feet can protect them against the damage caused by stones or bushes during high-speed running. Tian et al. (19) found that rib morphology is one of the main coupling elements for the ability of biological material to resist wear. we believe this rib morphology contributes a good deal to the wearresistance of ostrich scales.
The 3 rd toe bears the main weight of the whole body and the 4 th toe just plays a role in assisting balance (17) . The tip of the papilla on the 3 rd toe, integuments on the bottom area of the lateral region of the 3 rd toe, and integuments on the transitional region between the 3 rd toe and the claw are the main places to bear the large forces. These places are wear-resistant to protect the toe from injury and possess microscopically uncovered characteristics of relative smoothness with some layer-like structures and stripes. Therefore, we can infer that a microscopic plane with layer-like structure and stripes may contribute to the wearresistance of papillae.
The diameter of a single papilla on the 3 rd toe is about 740 μm and the on 4 th toe is about 384 μm. That is to say, the heavier the supported weight is, the bigger the diameter needed. The growth mechanism of papillae is the same as that of the hair of mammals, which grows out from the root. Mammalian hair plays some common roles, such as keeping the mammal warm or disguising it to escape natural predators. It is easy to pull single mammalian hairs out from skin, but it is hard to pull ostrich papillae out. The papillae are essential for the ostrich to bear the pressure and shear force at every step, and they never exfoliate. The root of mammalian hair is cylindrical (15) but that of papillae is polygonal. So we can infer that the polygonal root may be firmer than the cylindrical.
The analytical data of the chemical elements is presented in the Tables 1 and 2 . There is a difference between the two parts of the foot, which is that the content of some elements in the upper area was more than those of the bottom area. Zinc was the specific element in the upper area. Different chemical elements mean different compounds, and different surfaces with different wear-resistance are composed of different elements. Sodium, chlorine, and potassium are the specific elements in the bottom area. May be these elements enhance abrasive resistance.
Seeing the cross section image, the single papilla can be noticed to be hollow. However, the tubular structure is not aimed at reducing the body weight of the ostrich. The ostrich always lives in the desert where the temperature can reach more than 50°C. This void may act as an isolating layer to prevent heat conduction.
In this study, we applied imaging techniques to observe the macroscopic and microscopic structure of the foot integuments of the two-year-old ostrich. We conclude that the macroscopic and microscopic structure of papillae can be used for the design of some wear-resistant materials. In order to verify this, further investigations are needed, as intended by our research group.
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